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Abstract: We address the generation of the iron(V) nitride 
complexes, targets of biomimetic chemistry. Temperature dependent 
ion spectroscopy demonstrate that generation of iron(V) nitrides is 
governed by the spin state population of their iron(III) azide 
precursors and can be tuned by temperature. Complex 
[(MePy2TACN)Fe(N3)]
2+
 exists as a mixture of sextet and doublet 
spin states at 300 K, whereas only the doublet state is populated at 
3 K. Photofragmentation of the sextet state complex leads to 
reduction of the iron center. The doublet state complex 
photodissociates to the desired iron(V) nitride complex. We show 
analogous behaviour also for complexes with cyclam-based ligands. 
High-valent iron enzymes catalyse highly challenging reactions 
such as methane oxidation.[1,2] The aim to understand and to 
mimic such reactivity led to a boom in bioinorganic chemistry of 
iron complexes, especially of iron-oxo complexes.[3–5] Much less 
is known about hypervalent iron nitrides.[ 6 – 9 ] The scarcity of 
information about pseudo-octahedral iron nitrides stems from 
their thermal instability.[10–16] They can be prepared by photolysis 
of their iron azide precursors. The photodissociation has three 
possible pathways: desired elimination of N2 occurs in 
competition with eliminations of N3
• and N3‾. Temperature and 
irradiation wavelength determine which of these three pathways 
occurs preferentially.[17] Most of the successful preparations of 
iron nitrides were done in frozen solutions,[17–19] which implied 
that a solid matrix and low temperatures are required for their 
generation.[19,20] Later however, ultrafast experiments revealed 
the formation of iron nitrides at room temperature as well.[21–23] 
Here, we study photodissociation of iron(III) azides at 
molecular level with ion spectroscopy at variable temperature 
(3 K – 310 K).[24– 27] The experiments provide absorption spectra 
of mass-selected ions separated according to the individual 
dissociation pathways. Photodissociation of mass-selected iron 
azide complexes 1[28 ] in the visible range leads either to the 
photoreduction associated with elimination of N3
• 
(photoreduction) or to the formation of desired iron(V) nitride 
complex 3 concomitant with the elimination of N2 
(photooxidation) (Scheme 1, experimental details are in the 
Supporting Information). The ratio of the reaction pathways 
critically depends on the wavelength of the incident light (Figure 
1). The N3
• elimination channel displays a maximum at 455 nm 
(blue trace in Figure 1a) and the N2 elimination attains two 
maxima at 530 and 600 nm (red trace in Figure 1a). 
 
Scheme 1. Photodissociation of the iron azide [(MePy2TACN)Fe(N3)]
2+
 (1, 
MePy2TACN = N–methyl–N,N–bis(2–picolyl)–1,4,7–triazacyclononane) leads 
either to photoreduction to [(MePy2TACN)Fe]
2+
 (2) or to photooxidation to iron 
nitride [(MePy2TACN)FeN]
2+
 (3). 
The internal energy of the precursor complexes 1 can be 
tuned by the temperature of the ion trap in which the 
experiments are performed. Photodissociation experiments in 
dependence on this temperature show that the N3
• elimination is 
almost completely suppressed below 200 K. Below 50 K, the 
photodissociation of 1 at longer wavelengths starts to be less 
efficient and the absorption maximum at 600 nm diminishes. The 
temperature effect can be a consequence of low temperature (1) 
enabling other relaxation processes than the photodissociation 
or (2) triggering a change in the precursor complex that modifies 
its absorption spectrum. In order to disentangle this dilemma, we 
measured the absorption spectrum of 1 by the helium tagging 
method at 3 K (Figure 1b). In this experiment we monitored 
elimination of the helium atom from the [1•He] complex. Upon 
absorption of a photon, the complex eliminates helium 
regardless of any other possible relaxation processes due to its 
extremely low binding energy (on the order of tenth of kJ mol-1).  
The helium tagging spectrum shows the same profile as the 
high temperature spectra determined for the N2 elimination 
channel with two maxima at 530 and 600 nm and lacks the 
maximum at 455 nm (cf. Figures 1a and 1b). This means that 
species giving rise to the photofragmentation band at 455 nm on 
one hand and to the bands at 530 and 600 nm on the other are 
different. The absorption of the former species is not present at 
low temperatures. Hence, we can conclude that 1 has two 
isomers with different absorption spectra and different preferred 
photofragmentation pathways. 
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Figure 1. Visible photodissociation (visPD) spectra of mass-selected complex 
1 at different temperatures. (a) VisPD spectra obtained from monitoring of the 
fragment formation (N2 elimination in red, N3
•
 elimination in blue) in 
dependence on the photon wavelength (see Figure S4 in the Supporting 
Information for the unprocessed data). (b) Helium-tagging visPD spectrum of 1 
at 3 K obtained by monitoring attenuation of the helium complexes of 1. (c) 
Theoretical TD-DFT spectra of the doublet (red trace) and the sextet (blue 
trace) iron(III) azide complex 1 calculated at 0 K (both spectra were redshifted 
by 25 nm to fit the experiment, see Figure S1 in the Supporting Information for 
all spin states without the shift). 
Interconversion of the isomers reveals itself as temperature 
dependent changes in the branching of the photofragmentation 
pathways. Experiments performed at 530 nm and 600 nm 
(Figures 2a and 2b) show that the total photodissociation yield 
increases with the decreasing temperature (except of the range 
below 20 K, where it decreases due to other relaxation 
processes enabled by a longer lifetime of the excited state - see 
also the Supporting Information). While at low temperatures, 
photooxidation (N2 elimination) is far the prevailing process; 
above 150–200 K, the N3 loss starts to contribute to the total 
photofragmentation cross section at the expense of 
photooxidation. This N3
• elimination originates from the low-
energy tail of the 455 nm absorption (Figure 1a). The mutual 
dependence of the N2 and N3
• elimination yield demonstrates 
that both fragmentation pathways originate from single or 
interconverting precursors. 
The absorption maximum at 455 nm is present only in the vis 
spectrum of the isomer that is populated at high temperatures 
and that photoreduces upon irradiation (Figure 1a). Accordingly, 
the photofragmentation yield at 455 nm decreases with the 
temperature from 300 K down to 200 K and is dominated by the 
N3
• loss (Figure 2c). Below 200 K, the increase of the 
photofragmentation intensity is due to the high energy tail of the 
photooxidation band at the 530 nm. 
Multireference ab initio method CASPT2 (complete active 
space perturbation theory) calculations revealed that the doublet 
and sextet states are almost isoenergetic and both should be 
experimentally observable (the ground state is predicted either 
doublet or sextet depending on whether the zero point 
vibrational energy is included or not – in either case the 
difference is on the order of 1 kcal mol-1, see Table S1 in the 
Supporting Information). The quartet spin state in more than 25 
kcal mol-1 higher in energy and therefore is not further 
considered. 
Time-dependent density functional theory (TD-DFT) 
calculations of the vis spectra of 1 in the doublet and sextet spin 
states (Figure 1c) reveal that the dominant electronic transitions 
correspond mainly to the ligand-to-metal charge transfer 
between the azide ligand and the iron centre. The theoretical 
spectrum of the doublet spin state of 1 reproduces the 
photodissociation spectra corresponding to the loss of N2 (Figure 
1a, red trace) and the theoretical spectrum of the sextet spin 
state of 1 reproduces photodissociation spectra corresponding 
to the loss of the N3
• radical (Figure 1a, blue trace). 
Temperature dependent spectra as well as the theoretical 
calculation lead us to conclude that the photodissociation 
reactivity of 1 is governed by its spin states. The doublet spin 
state of 1 steers the photodissociation towards the N2 elimination, 
whereas the sextet spin state opens a pathway for the N3
• loss. 
The photoproduct 3 has a doublet ground state (Table S1 in the 
Supporting Information), which might indicate its preferential 
formation from the doublet state of 1. At room temperature both 
doublet and sextet states of 1 are populated. With decreasing 
temperature, we observe a spin relaxation of the sextet state to 
the doublet state[29,30]  that is dominant below 200 K.  
We have further studied the structure of mass-selected 
complexes 1 by helium tagging infrared photodissociation 
spectra (IRPD).[24,31 ] The helium-tagging 
IRPD spectrum (T = 3 K) of 1 shows the 
prominent azide group antisymmetric 
stretch at 2016 cm−1 and the symmetric 
stretch at 1199 cm−1 (Figure 3a, black 
trace). The origin of these bands was 
confirmed by 15N isotopic labelling (a 
mixture of Fe–NN15N and Fe-15NNN in a 
1:1 ratio, Figure 3a, grey trace). Both 
azide bands split into two red-shifted 
bands: the antisymmetric azide stretches 
emerge at 2013 cm−1 and 1991 cm−1 and 
the symmetric stretches at 1187 cm−1 and 
1170 cm−1. The helium tagging IRPD 
spectrum agrees best with the theoretical 
 
Figure 2. Temperature dependent photofragmentation of 1. Photodissociation yields of N2 elimination (in 
red), N3
•
 elimination (in blue) and the total photodissociation yield (in purple) at the absorption maxima at 
(a) 530 nm, (b) 600 nm and (c) 455 nm as a function of temperature. See Figure S13 in the Supporting 
Information for additional experimental data. 
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prediction for the doublet spin 
state of 1.  
Infrared multiphoton 
dissociation (IRMPD) spectrum 
of 1 recorded at 300 K by 
monitoring the N2 elimination 
channel (Figure 3b) features two 
bands in the region of the 
antisymmetric azide stretches. 
The 2016 cm−1 (3 K) band is red-
shifted to 2009 cm−1 and a new 
band appears at 2052 cm−1 (cf. 
Figures 3a and 3b). The same 
changes are observed in the 
region of the symmetric azide 
stretches. The original (3 K) 
band at 1199 cm−1 blue-shifts to 
1201 cm−1 and a new band 
appears at 1316 cm−1. 
Additionally, the 300 K spectrum 
features a new band at 
1024 cm−1, which is theoretically 
predicted only for the sextet 
state. Both spin state complexes 
are able to eliminate N2, because 
this is the lowest energy 
fragmentation and fast spin-
isomerization is expected. Based on the observed frequency 
shifts and the DFT-aided assignments, we deduce that both 
sextet and doublet states are present at 300 K, in accord with 
the results of the vis photodissociation experiments. 
The remaining question is whether the spin relaxation and 
spin governed photodissociation are general features of 
octahedral iron(III) azides. To address it, we conducted 
temperature dependent photofragmentation studies with other 
complexes with cyclam-based ligands. Two of them have a 
doublet ground state: [(cyclam)Fe(N3)2]
+ (4, cyclam = 1,4,8,11–
tetraazacyclotetradecane, Figure 4a)[18] and [(cyclam-ac)Fe(N3)]
+ 
(5, cyclam-ac = 1,4,8,11–tetraazacyclotetradecane–1–
acetate,Figure 4b),[19] whereas the third complex has a sextet 
ground state: [(Me3cyclam-ac)Fe(N3)]
+ (6, Me3cyclam-ac = 
4,8,11-trimethyl-1,4,8,11-tetraazacyclotetradecane-1-acetate, 
Figure 4c).[ 32 ] Photofragmentation of the complexes with the 
doublet ground state 4 and 5 leads to photoreduction and 
photooxidation as observed for 1, but also to the elimination of 
HN3. The elimination HN3 is a gas-phase analogy of the N3ˉ 
elimination that was observed for these complexes in the 
condensed phase. The absorption spectra obtained for 
photooxidation and photoreduction have different profiles and 
different absorption maxima (Figures S7 and S9). This indicates 
that different electronic transitions are responsible for these two 
processes. For complexes 4 and 5, the relative abundance of 
photooxidation with respect to photoreduction decreases with 
increasing temperature (Figures 4a, 4b, S8 and S10). The 
results are thus analogous to those obtained for complex 1 and 
confirm the suggested rationale. Complex 6 has the sextet 
ground state32 and therefore should reveal the opposite 
behaviour. Accordingly, we observe 
almost no photo-oxidation at low 
temperatures, and it only occurs at 
increased temperatures (Figure 4c, 
S11 and S12). Photooxidation 
remains, however, a minor reaction 
channel even at the highest studied 
temperatures. This is a clear 
indicator that population of the 
doublet state is energetically as well 
as entropically disfavoured. 
The experiments clearly show 
that the photodissociation of 
octahedral iron(III) azides is 
governed by their spin states. 
Detailed analysis of complex 1 
reveals that its low spin (S = 1/2) 
 
Figure 3. (a) Helium-tagging infrared photodissociation spectra of 1 at 3 K, (b) infrared multiphoton dissociation 
spectra of 1 at 300 K (grey traces in both spectra correspond to the 
15
N-labelling, note that 1(
15
N) contains 
unsymmetrically labelled azide ligand, therefore isobaric mixture of [(MePy2TACN)Fe–(
15
NNN)]
2+
 and 
[(MePy2TACN)Fe–(NN
15
N)]
2+
 in the 1:1 ratio was measured). (c) DFT-predicted spectra of 1. Bands corresponding to 
the symmetric and antisymmetric azide stretches (νs and νas) of the doublet and the sextet state are highlighted with 
blue and red colours respectively. 
 
Figure 4. Branching ratios between the photoreduction (N3
•
 loss) and the photooxidation (N2 loss) for complexes 
(a) 4 (S = 1/2), (b) 5 (S = 1/2) and (c) 6 (S = 5/2). The brackets indicate the ground states of the complexes. The 
branching ratios were determined at absorption maxima measured at 3 K; the wavelength is specified in the figure. 
Elimination of HN3 from complexes 4 and 5 and elimination of MeN3 from 6 were excluded from the sum (complex 
4 photooxidizes also in a consecutive process of HN3 and N2 elimination - this process is included in the 
photooxidation channel). All data can be found the Supporting Information (Figures S7–S12). 
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state and the high spin (S = 5/2) state are almost isoenergetic 
and that both are populated at room temperature. 
Photodissociation of the doublet state (absorption maximum at 
max = 530 nm) leads preferentially to photooxidation and 
formation of the iron(V) nitride complex 3. The sextet state 
photodissociates (max = 455 nm) via the loss of the N3
• radical 
(photoreduction). Population of the spin states of complex 1 can 
be tuned by temperature: the population of the sextet state is 
depleted with decreasing temperature. Below 200 K, the doublet 
state population becomes dominant, and it is exclusive at low 
temperatures (3 K). Two other iron(III) azide complexes 4 and 5 
with the S = 1/2 ground state showed analogous photochemical 
behavior. Photodissociation of complex 6 with the S = 5/2 
ground state has an opposite dependency on temperature: 
photoreduction is the dominant pathway at low temperature. 
Hence, all these results demonstrate that the outcome of the 
photodissociation of the iron(III) azide complexes is mainly 
determined by their spin state. Previously suggested effects of 
the medium of the reaction or the reaction conditions (frozen 
matrix or liquid solution) are not the origin of the observed 
temperature effects. The conditions, however, can affect the 
position and width of the temperature interval in which the spin 
populations are changing.[33] 
The photoreactivity of the iron(III) azide is analogous to the 
reactivity of iron(III) hydroperoxides, models for Rieske 
dioxygenases.[34] Their reactivity is governed by the spin state as 
well: The low-spin FeIII–O–OH complexes have a weaker O–O 
bond than their high-spin analogues and therefore provide highly 
reactive iron(V)-oxo complexes.[35] The high spin complexes, on 
the other hand, have a higher redox potential that opens other 
oxidation reaction pathways without the necessity for O–O bond 
cleavage.[36] We bring tools to investigate this type of reactivity – 
in the ground state as well as the excited state of the potential 
energy surface – that can ultimately provide a deep insight into 
the electronic structure and reactivity of this group of compounds. 
The method is sufficiently versatile to be universally applicable 
to photodissociation processes at the level of isolated molecules. 
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